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Abstract—Acoustic signals transmitted from the ATOC source
on Pioneer Seamount off the coast of California have been
received at various sites around the Pacific Basin since January
1996. We describe data obtained using bottom-mounted receivers,
including U.S. Navy Sound Surveilance System arrays, at ranges
up to 5 Mm from the Pioneer Seamount source. Stable identifiable
ray arrivals are observed in several cases, but some receiving
arrays are not well suited to detecting the direct ray arrivals. At
5-Mm range, travel-time variations at tidal frequencies (about 50
ms peak to peak) agree well with predicted values, providing
verification of the acoustic measurements as well as the tidal
model. On the longest and northernmost acoustic paths, the time
series of resolved ray travel times show an annual cycle peak- i i i
to-peak variation of about 1 s and other fluctuations caused by 220 200 180 160 140 120
natural oceanic variability. An annual cycle is not evident in Longitude "W
travel times from shor_ter _acoustlc paths in the eas_tern P?‘C'f'cv Fig. 1. The ATOC array. The array spans most of the North Pacific Ocean.
though only one realization of the annual cycle is available. acoustic paths to the various receivers from the acoustic source mounted
The low-pass-filtered travel times are estimated to an accuracy on pioneer Seamount off the coast of California are shown by the heavy
of about 10 ms. This travel-time uncertainty corresponds to lines, and acoustic paths from the acoustic source off the north coast of the
errors in range- and depth-averaged temperature of only a Hawaiian island of Kauai are shown by the light lines. This paper discusses
few millidegrees, while the annual peak-to-peak variation in the data obtained from the Pioneer Seamount transmissions; data from the
temperature averaged horizontally over the acoustic path and Kauai transmissions are similar.
vertically over the upper 1 km of ocean is up to 0.5°C.

Latitude °N

Index Terms—Acoustic tomography, climate change. without interaction with the ocean bottom. To date, several
time series of acoustic data of about 15 months duration have
|. INTRODUCTION been obtained from acoustic transmissions from the Pioneer

) Seamount acoustic source to receiving arrays located through-
T HE ACOUSTIC Thermometry of Ocean Climate (ATOC), 4 the North Pacific ocean, including two moored vertical

program ha_s achieveql its original goal of acquiring t_imﬁene arrays (VLA's) of hydrophones and US Navy Sound

averaged ocean temperature [1], [2]. Acoustic sources WEl96. The travel
deployed on Pioneer Seamount near San Francisco, CA,e '

October_ .1995 and on the nprth slope of the I-_|awa||an |slara ew days after the data are collected. Data collected by the
of Kauai in July 1997. The Pioneer Seamount site was selec I\'s and data from the Kauai source transmissions are not

to allow much of the acoustic energy to leave the SOUrGR < ribed here

-time data are obtained in near real time, and
imates of range-averaged temperature are obtained within
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based on data similar to those described here have been preldrly scheduled transmissions have a signal level of 260 W,
ously reported [3]-[7]; the basic techniques reported here amed they are coded using a 1023-digit m-sequence [13] with
certainly not new. In the present case, however, the acousti@5-Hz carrier frequency. By coding the signals over a 20-
signals employed a lower frequency (75 Hz) and broadsrtin interval, much greater signal-to-noise ratios (SNR’s) can
bandwidth (37.5 Hz) than used previously for very longbe obtained at the receiver through signal processing, without
range transmissions. In addition, though the acoustic soureguiring a physically louder acoustic source [7]. The precise
and receivers were located on the ocean bottom, nonbottanansmission schedule is determined by the sampling require-
interacting ray arrivals are observed. Previous very long-rangents of the marine mammal research program (MMRP)
acoustic transmissions from a bottom-mounted source n¢b4]-[16], but it typically consists of four-day periods two
Hawaii (the Kaneohe source) to bottom-mounted receiveisfour times a month. Transmissions are spaced 4 h apart and
in the northeast Pacific [3], [5] suffered from significanbegin on the hour at 0000, 0400, 0800, 1200, 1600, and 2000
bottom interaction before the acoustic energy escaped to theC.

deep ocean, which complicated the interpretation of the rayThe raw acoustic data from each receiver array consist of
arrivals. In addition, an annual cycle of warming and coolintime series of acoustic pressure at each of 40 hydrophones.
is apparent in the data discussed in this paper, while tHibese time series include a superposition of a multitude of
cycle was not apparent in data obtained from the Kaneotie phase-coded signals from a multitude of ray arrivals,
transmissions [5]. and the entire signal is buried within the dominant natural

The main motivation for including Navy receivers in theoceanic noise [17]. Data processing consists of extracting
ATOC array is that they are existing facilities which may béhe signal out of the noise by matching the m-sequence
used opportunistically to measure acoustic travel times. Thegdes and then using beamforming techniques to combine
are stable detectors; they are cabled to shore and have expealiedhe data from the hydrophones of the receiver array.
lifetimes of the order of decades. Because these arrays areBeamforming determines a surface of acoustic amplitude
the ocean bottom, however, they are not optimally deployedftr the received signals as a function of conic beam angle
obtain acoustic data for determining resolved-ray travel timesd arrival time. (It is assumed that the received signals
to high accuracy. Because both the receiver arrays and #re coherent temporally over the 20-min duration of the
Pioneer Seamount source are bottom-mounted, the acoustimsmissions and spatially across the 40-element hydrophone
pulses frequently interact with the bottom near both the souragay. Work using VLA data obtained at a similar range
and the receiver. In a few cases, however, some pulses[@r [10] suggests that only a 13-14-min coherence time
rays are upward going at the source and downward goiiggto be expected for very long-range transmissions; the
at the receiver and so manage to avoid the ocean bottbottom-mounted array data may be better processed in the
altogether; these arrivals have provided the best data fature by using a shorter coherence time.) Next, the peaks
acoustic thermometry. The bottom interactions complicate tive the amplitude surface are selected, together with their
interpretation of the received signals, sometimes severely.a&sociated conic angle and a travel time. These selected data,
further disadvantage of the use of these data is that datame of which may be identified with ray arrivals, are then
analysis must occur in a classified environment, and not displayed using what we denote as a “dot plot” (Fig. 2).
aspects of the data, such as the exact array locations or dedegause only the conic angle is resolved by beamforming,
may be discussed in the open literature. the vertical ray arrival angle can be determined only by using

The complexity inherent in the data obtained at the bottorthe known angle for the bearing of the arriving acoustic
mounted hydrophone arrays makes these data adequate,skgrtal with respect to the orientation of the hydrophone
not optimal, for acoustic thermometry. It has been previoustyray.
demonstrated that much clearer data are obtained at similar
ranges when mid-water VLA'’s are used [8]-[10]. These other
results give us confidence that the acoustic data from the m
bottom arrays are useful, in spite of the complications of
bottom interaction.

The use of these arrays has allowed valuable data to berhe dot plots for the receptions at the bottom-mounted
obtained which would not otherwise have been possible, argdrophone arrays are more complex than those for sources
the data are obtained in real time. Further, the Navy receiveligd receivers in the middle of the water column [8]-[10]. The
offer the possibility of obtaining very long acoustic time seriegature of the acoustic energy arriving at each array is different.
free of the various problems (e.g., financial and logisticaphe main goal in processing these receptions is to extract time
associated with deploying separate instruments for the task sgies of discrete, resolvable, and identifiable ray arrivals. It
that climate time-scale variations can be measured. ExploitiRgthese time series that are used to derive estimates of the
these national assets has proved well worthwhile. oceanic thermal variability. The arrival patterns at the various

receivers are discussed next, and subsequent sections discuss
ray identification and the extraction of travel-time series from
Il.  PROCESSING OFHYDROPHONE ARRAY DATA these data. Only data obtained at SOSUS arkaysn, o, p,

Full-power transmissions from the ATOC source on Pioneandj using transmissions from the Pioneer Seamount acoustic

Seamount began December 28, 1995 [11], [12]. These irrespurce (Fig. 1) are discussed in this paper.

. RECEPTIONS ATBOTTOM-MOUNTED
HYDROPHONE ARRAYS
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Fig. 2. Acoustic receptions at receivéksandl. (a) The entire time series obtained. (b) A closer view of small sections of the time series as indicated. Dot
size is proportional to SNR. Stable ray arrivals are evident, and an annual cycle is evident in the travel-time variations. See Fig. 5 also.

A. Direct Ray Arrivals at 5-Mm Range: Arraysandl One unresolved issue is why the receptions appear to fade

Several stable ray arrivals are evident in the arrival patterfdt on some days. These fade outs are apparently not related
at 5-Mm range (Figs. 2 and 5). In the receptions:aabout © ambient noise near the hydrophone arrays; time series of
a dozen or so ray arrivals are evident, and these show a ci@gient sound collected at these sites by Cueti@l. [17]
annual cycle with travel times that decrease with Warming’OW no apparent correlation with these fade outs. A varying

water in summertime and increase again with cooling watef\R might be related to environmental influences (e.g., the
in winter. In the receptions a only a few ray arrivals are movement of oceanic fronts?) on the acoustic propagation.

evident, and these show a variation with an annual period ] ]
similar to that observed a&. A month-long gap in the time B Receptions at Deep Receivers: Arrayand o
series around yearday 325 is due to equipment failure. The receiversn and o are located in deep water midway
Close inspection of these arrivals (Fig. 2), however, showegtween Pioneer Seamount and Hawaii, and they provide
that often the best arrival (or “dot”) to choose in order to derivéata with an interesting interpretation but with considerable
a time series of ray travel times is not obvious (see Section Wariability. As in the receptions ak and I, the bottom-
This problem is partly caused by acoustic scattering from thgeracting acoustic energy sometimes makes it difficult to
ocean bottom near the bottom-mounted acoustic source aigtern the acoustic energy arriving directly (Figs. 3 and 6).
receiver. The earlier ray arrivals suffer much less from thdowever, it has still proved possible to determine time series
noise of bottom-interacting energy. As the arriving acoustaf ray arrivals, albeit with some difficulty.
energy scatters off the ocean bottom, it becomes a source ofs will be further discussed in a subsequent section, some
noise for the later arriving rays. The full arrival pattern is af the resolved arrivals at these deeper arrays represent an in-
superposition of direct nonbottom-interacting rays and noiseresting, and perhaps new, type of “ray” arrival which appears
caused by the scattering of acoustic energy from the ocdanoccur well into the shadow zone of the predicted arrival.
bottom near the source or receiver. The complexity in th&e will refer to these arrivals as “shadow-zone arrivals” [18].
receptions does not preclude the use of these data for oceflltle all of the stable arrivals can be associated with a cusp
observation, however. The complexity causes the derived timkthe predicted time front, the later arrivals are 500-1000 m
series to have more high-frequency variabilityl( cpd), but below the predicted time front. (A “time front” is the pattern of
there are sufficient data that the low-frequency travel timéise acoustic energy arriving at the receiver range as a function
(<1 cpd) have an uncertainty of only 10 ms (this will bef travel time and depth.) These shadow-zone arrivals appear
discussed more later). to retain “ray-like” aspects, but the latest arrivals, or those
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Fig. 3. Same as Fig. 2 but for acoustic receptions at receireesd o. (a) The entire time series obtained. (b) A closer view of small sections of
the time series as indicated. See Fig. 6 also.

deepest into the shadow zone, are certainly less distinct. Tihepparently retained. The acoustic arrivals at recejydor
shadow-zone arrivals appear to be stable, and so travel-tim@@mple, show minimal evidence of stable ray arrivals. Hints
time series can be derived from them. Indeed, the apparehtravel-time variation with an annual cycle are apparent in the
stability of these arrivals, together with the detection of similatot plot for receiverj, but it has not proved possible to extract
arrivals at several other deep arrays in both the Atlantic aadtime series with any reliability. A stable arrival pattern is
Pacific oceans, rules out bottom interaction as the origin e¥ident for receivep, but only the first pair of arrivals occurs
these arrivals. To date, no known mechanism, e.g., diffractiahtimes that may possibly be identified with predicted arrivals.
leakage from the caustics or diffusion of acoustic enerd¥ay identification using only two arrivals is marginal; as will
by internal wave scattering, can explain the extreme degdik discussed in the next section, the unique dispersal pattern of
diffusion of acoustic energy that must be occurring. the arrivals is an important property that gives us confidence
Because the forward problem for the shadow-zone arrivais the identification.
is unknown, it is not known how to apply these data correctly Arraysj andp are probably situated such that clear acoustic
to determine ocean temperature changes. For the time bejmgths do not exist between the source and receiver. For exam-
the ray paths predicted for the time front cusp will be usqule, the Mendocino Escarpment along°¥0has topographic
to represent the sampling associated with these arrivals, edeatures that rise to a depth of about 2000 m, and these features
though the time front cusp may be several hundreds of metemay block some of the acoustic paths. As is the case for some

above the receiver depth. of the arrivals at receivens ando, unless the forward problem
can be understood, it is not obvious how to use these time
C. Problematic Data: Arrayg and p series to solve for oceanic variability.

Although useful data have been obtained at hydrophone
arraysk, I, n, ando, the data obtained at some arrays have !V ABSOLUTE TRAVEL TIMES AND RAY IDENTIFICATION
not yet proved useful. Most of the acoustic energy arriving atIn order to use travel-time data to measure variability in
receivergi andp (Fig. 4) has probably undergone considerableceanic sound speed (temperature), the resolved arrivals need
interaction with the ocean bottom either near the acoustizbe identified with predicted ray arrivals and their associated
source or receiver or somewhere along the acoustic path,rap paths. In addition, extraction of time series of ray travel
that much of the arriving energy has lost all obvious relatidimes from the “dot plots” is aided when the predictable
to the incoming acoustic rays. Note, however, that this energyrivals in the receptions are identified. Predicted ray arrivals
is still coherent in that the integrity of tha-sequence coding are found by using an acoustic propagation code together with
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Fig. 4. Acoustic receptions at receivefsand p. () The entire time series obtained. (b) A closer view of small sections of the time series as indicated.
These receptions show that clear, resolvable ray arrivals may not always be available at any given receiver. Transmissions to these receivers may be
partially blocked by topographic features.

an estimate of the sound-speed field between the acoustdttom. Predictions which include the topographic effects do
source and the receiver. This is the “forward problem” in oceaot affect the conclusions.
acoustic tomography; in the inverse problem, the resolvedWe used the RAY computer code [19], [20] to predict the
ray paths are used to solve for the oceanic sound-spexgbected ray arrival pattern by ray tracing. The path from
variability using the ray travel times. (We do not considethe acoustic source to the acoustic receiver is taken as a
individual acoustic mode arrivals on the bottom-mountegkeodesic on the WGS84 ellipsoid [21], and the ray trace is two-
receivers, although the ray arrivals may be reconstructed usitimensional in range and depth. The range and path between
a set of modes to high order O(100). However, even if the source and receiver are calculated using a method derived
were possible to separate all of these high-order modeshiy Dworski with an estimated accuracy better than 1 m for a 5-
a reception at 5-Mm range, the receiver does not have tkken range [22]. Horizontal refraction of the ray paths has not
depth resolution needed to separate all these mode arrivhlsen considered here, but this is expected to be quite small
The lowest mode arrivals are hopelessly lost in the din §], [23].
bottom-interacting energy that appears in the latter part of theThe location of the Pioneer Seamount source was accurately
reception.) Accurate ray identification is thus critical. Whilsurveyed using GPS positioning. The source position is accu-
it was not obvious in advance that multipath arrivals at @ate to aboutt4 m horizontally and about 2 m vertically [12].
bottom-mounted array from a bottom-mounted acoustic sourtke receiver positions are assumed to be accurate to within a
5 Mm distant could be identified, most of the stable arrivalew tens of meters since they were surveyed using GPS. Thus,
at arraysn, o, andk have been uniquely identified. The basi@rrors in the positions of the instruments should not adversely
properties of the predicted acoustic rays and their travel timeffect the ray predictions.
are not sensitive to small variations in the sound-speed fieldin order to test the robustness of the prediction, we have
used to make the predictions, even for a 5-Mm propagatiosed the Levitus82 [24] and Levitus94 [25], [26] ocean atlases
range. to calculate climatological models for the ocean sound-speed
Although the acoustic scattering from the ocean bottom field. Sound speed is calculated using the Levitus depth,
clearly an important effect for the receptions considered hetemperature, and salinity. First, the pressure corresponding to
we do not feel that the topography near the arrays is knowepth, temperature, and salinity is calculated, and then sound
well enough for accurate predictions. Therefore, all of the rapeed is calculated using the Del Grosso sound-speed equation
predictions described here do not include a model for the ocg@i@]-[30]. Sound-speed profiles at points along the path from
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the source to the receiver are required for ray tracing. The
choice of the method used to interpolate between the 33 ‘
standard Levitus depths is important to avoid adding biases y Rominal fscaiver dep
or unphysical structure to the sound-speed profile. The ray

predictions here used the vertical interpolation inherent in the "

RAY code; these results closely matched those using a cubic

spline vertical interpolation. The best means of interpolation
is ambiguous, however. The Levitus data were horizontally x 1 : ! : x L !
interpolated using a cubic spline onto points at about 100- ot T
km range increments on the path from the source to the
receiver.

The predicted travel times will be compared to the travel
times averaged over the 15 months of available data. The
measured arrivals are identified with the predicted ray arrivals
by using the dispersal, or spacing, of the arrivals. Sound-speed L
models such as the Levitus atlas cannot be used to predict 107"-;:‘-.;
the absolute travel times accurately. Differences between the 28
measured and predicted absolute travel times of O(1 s) can be
expected because of the temperature differences between the (@
Levitus models and the true ocean. The dispersal of the arrivals m

has always proved to be a unique pattern in the past, however. “u" i
HI”\‘ I“‘.

Depth

SNR (dB)

30 32 34 36 38 40 42
Relative Travel Time (sec)

A. ldentification of Receptions at Arrajsand!

For receptions ak [Fig. 5(a)], there is only one alignment
for which all the measured and predicted arrivals corre-
spond. The resolved and identified rays at this northern array
are all refracting-surface-reflecting (RSR) and have typical ' ' ‘ '
lower turning depths between 2500 and 3500 m. Since the
acoustic paths traverse high latitudes, where the ocean has
near-adiabatic sound-speed profiles, surface reflecting rays
are expected. The vertical ray angles with respect to the
horizontal near the source and receiver vary from@ 10°.

The identified rays are all upward going at the bottom-mounted
acoustic source and downward going at the bottom-mounted b s kgt o !
receivers, a fact which gives us some confidence as to the ray 26 30 34 36

identification. The ray arrivals derived from Levitus82 and Relative Travel Time (sec)

Levitus94 have nearly identical dispersal, though the absolute (b)

travel times differ by about 85 ms (Levitus94 is slightlyy 5. gentification of ray arrivals at (8 and (b)l. The bottom panel
colder than Levitus82). The data convey primarily one pie@e (a) shows the SNR versus the travel times of the data selected after

of information: the range- and depth-averaged temperaturek_)eamforming, i.e., the “dots” from the “dot plots” of Fig. 2, using data from

. veral receptions. The top panel of (a) shows the predicted time front. The
For k, the measured travel times averaged over the i%dme panel of (a) shows the receptions predicted at the nominal receiver

months of available data and the predicted travel times wepth, with the identified arrivals noted by the heavy lines. The observed

ing the annual-mean Levitus94 atlas differ by 200—=220 arrivals correspond to the heavy lines in the middle panel and also mark
the rays which leave upward from the bottom-mounted source and arrive

[Fig'_5(a)]' The measured travel times are grefater than th%nward at the bottom-mounted receiver. The dispersal, or spacing, of the
predicted. The measured and predicted travel times may difé@ivals is unique for arraye, so the identification of the ray arrivals is

because the “true” ocean is colder than the ocean model usednggnbiguous. Ray identification appears not to be possible for &rray
make the predictions. Alternatively, the travel-time differences
may be due to a small error in the Del Grosso sound-spesteéep rays, the annual cycle (see Section VIII-C) in travel time
equation at high pressures [10]. predicted from the monthly Levitus atlas has an amplitude that
It has not proved possible to identify the “ray” arrivals ais too small compared to the results Jatand the observed
array Il [Fig. 5(b)], however, even though this array is nearavel-time variation af. Thus, we conclude that no obvious
the arrayk. The weak SNR and small number of resolved rasay identification is available for the receptions at receiver
arrivals make the ray arrivals less obvious. The identificatiorhe alignment shown in Fig. 5(b) is based on the assumption
that best associates the temporal dispersal of the measuted the offset between measured and predicted arrivals is equal
and predicted arrivals fof results in a 4-s offset betweento that of k. Possible errors that may be introduced by the
the predicted and measured travel times and uses prediat@didentification of the rays at receivEare minimal because
rays that are far too steep to be realistic. In addition, for thes&the similarity in sampling of all these rays. Bottom scattered

Depth

SNR (dB)
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‘ the dispersal of the arrivals is unique and the measured and

predicted arrivals are uniquely associated. Bottom-interacting
acoustic energy is evident in the later portion of the measured
arrival pattern.

While there is an obvious one-to-one correspondence be-
tween measured and predicted arrivals, the later arrivals appear
to occur well into the shadow zone of the predicted arrival
pattern. In other words, for the latest arrivals, the receiver
4 : L : depth is several hundred meters below the deepest extent of

; the predicted rays. This result is surprising, and no currently
available theory accounts for this anomalously deep acoustic
energy.

In terms of their suitability for acoustic thermometry, these
anomalous “shadow zone” arrivals present a dilemma. On the
s one hand, they appear to be stable identifiable arrivals, while,
55 6 57 ) 59 on the other hand, the forward problem is not known, so

Relative Travel Time (sec) legitimate inversion of these data is not possible. As described

@ previously, we assume that the ray paths appropriate for these

arrivals are those associated with the cusp in the time front

I with which the arrivals are identified, and we furthermore
' assume that the observed travel time variations are linearly
related to the sound-speed changes along these ray paths. The
= latter assumption seems reasonable because the travel-time
variability of the “shadow zone” arrivals is hardly different
than that of the direct arrivals, as would be expected in
the dispersal of direct arrivals at this range. In addition, the
identification of “shadow zone” arrivals with the cusps of the
time fronts shows an obvious relation between the predictions
v and the measurements. These assumptions will have to be
50 ¢ : T verified by additional research, however.
40 |

301
20 +

Depth

50 |
40 |
30 |
20 f.

SNR (dB)

Depth

SNR (dB)

V. TRACKING THE TIME SERIES OF RAY ARRIVALS

| The time series of resolved-ray travel times are derived
55 56 57 58 59 from the dot plots by “tracking” the stable arrivals, i.e., by
selecting the small subset of dots that regularly appear in
each reception. The computer program that tracks the arrivals
(b) uses a template defined by travel time and conic angle. The
Fig. 6. Same as Fig. 5 but for ray arrivals at @)and (b)o. No offset arrivals selected are those that best line up with this template.

is applied to align these measured and predicted arrival patterns. While lReGaussian weighting scheme is used to take into account
dispersal of the ray arrivals is unique as forand!, the later arrivals are

unexpected because the depth of the receiver is several hundred meters bgl}ﬁvSNR. O_f the.arrivals, terther with travel tim.e and arrival
the deepest parts of the predicted arrival pattern. The observed arrivals apgaagle misfits with the template. The template is allowed to

to be identified with the cusps, or caustics, of the predicted time front.  ayglye slowly from one reception to the next to account for
natural evolution in the ray arrival pattern, but considerable

observed for several seconds after the latest predicted arriv§pcedure is automated to a large extent so that the tracked data
are statistically consistent from one part of the time series to

o ) the next, considerable human intervention is required to correct
B. Identification of Receptions at Arragsand o for obvious errors in dot selection. Tracking of the individual
The ranges to arraya and o are significantly less than ray arrivals is significantly improved when arrivals at conic
those tok andl; hence, the identification of the ray arrivals isangles other than the expected angle are removed.
more obvious because the effects of the difference between oufhe integrity of the tracked time series can be examined by
assumed and “true” oceans has less effect on the travel tinoeerlaying it on the dot plots (Fig. 7). Some of the problems
at shorter range. Given the magnitude of expected oceamwith accurately deriving tracked time series are: 1) bottom-
variations, we expect that the measured and predicted traseattered acoustic energy introduces considerable complexity
times will differ by at most a few hundred milliseconds, anih the receptions so that the selection of the correct “dot” in
indeed the identification is obvious atandoe [Fig. 6(a) and any particular reception is not always obvious; 2) sometimes
(b)]. As was the case for the identification of receptiong,at the receptions suffer a decrease in SNR for some unknown,

Relative Travel Time (sec)
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Fig. 7. A small subset of time series showing tracked data for data obtained at/ardays, ando. It is not always obvious which “dot” should be selected
in each received transmission, but sufficient data are available to determine time series adequate for acoustic thermometry.

but probably natural, reason; and 3) it is sometimes difficult to TABLE |
ensure that the same ray arrival is tracked across gaps in tHEH-FREQUENCY (>1 cpd) TRAVEL-TIME VARIANCES. BECAUSE SomE RaY

ti . It f th . l t .. __ARRIVALS ARE CLEARER THAN OTHERS A WIDE RANGE OF VARIANCES IS
Ime series resulting rom € marineé mamma ransmSS'QQBSERVED THE “EXPECTED VARIANCES” ARE ROUGH ESTIMATES BASED ON A

schedule or equipment failures. Despite these difficulties, Werupe MopEL For TRAVEL-TIME VARIATIONS CAUSED BY INTERNAL WAVES.
are reasonably confident that the integrity of the derived timEE “TIDAL VARIANCES’ ARE PREDICTED USING THE TPXO.2 TiDAL MODEL.

. R . . HE_PATH TO RECEIVER 12 IS ALONG THE MINOR AXIS OF THE TIDAL CURRENTS
series is adequate for reasons to be described in SUbsequenhENCE, THE TIDAL VARIANCE ASSOCIATED WITH THAT PATH IS SMALL

sections.
VI. HIGH-FREQUENCY TRAVEL-TIME VARIANCES recciver  approximatc  observed  expected tidal
For the purpose of this paper, the variances of the high- range variance  variance  variance
pass-filtered time series of the resolved-ray arrivals are used to (Mm) (ms?) (ms?) (ms®)

guantify the noise in the low-pass-filtered travel times. These
variances are caused by a variety of factors such as ambient
acoustic noise, errors in the selection of the correct ray arrival

during tracking, tidal variability, and internal-wave-induced k 5 560-840 500 400
travel-time fluctuations. 1 5 450~1660 500 400
The resolved-ray travel times are high-pass-filtered by sub- n 15 200-800 150 5

tracting the average travel times over each two- or four-day
transmission period. The high-frequency variances of the ray
travel times are typically 500-1000 fswith about 400 m%
of that accounted for by the barotropic tidal currents (Table
I). The measured nontidal variance can be partially attributedoustic ray travel times [32]. Manifestations of these effects
to internal waves, but the dominant contribution is probabipclude (nontidal) high-frequency>(L cpd) variability of the
caused by the complexity in the dot plots and the inability tay travel times [O(12 h) slow wander to O(10 min) rapid
distinguish the apparent multiple arrivals for each ray wherariations] and a small bias in the mean travel time. For the
the data are tracked. reasons described above, the variances observed here are larger
Many investigators have been concerned with the precisan those expected from internal wave effects alone (Table I).
guantitative description of the effects of internal waves ddlunk et al. [7] describe the rough formulas to estimate the

0 2 500-1000 200 50
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Fig. 8. Comparison of measured high-frequencyl (cpd) variability at array#, I, n, ande with tidal predictions using the TPXO.2 global tidal model.
The data result from the average of the several ray travel times determined from each transmission. The tidal variations in the travel times tiesult fro
tidal currents. Good agreement in both amplitude and phase is frequently observed, but considerable noise is evident in the travel-time time series.

variance associated with travel-time wander; these formulédal signal derived from the barotropic tidal currents of the
give travel-time variances of about 100 mger megameter TPXO.2 tidal model [33]. Prediction of tidal variations in
for refracted rays (surface-reflected rays are less affected rhggameter-range acoustic travel times has been described
internal wave noise because they quickly pass through theeviously [34]. Headriclet al. [35] and Dushawet al. [36]
depths where internal wave variability is greatest). describe other comparisons between predicted tidal variability

The uncertainty in the low-frequency travel times is giveand tidal variability determined using long-range acoustic
by the high-frequency variances divided by the number @fansmissions.
travel times used to calculate the average over a transmissiogvhile the ATOC time series obtained to date are too
period. Thus, for the first ray arrival at arrdgywhich has a jrregular to derive meaningful tidal harmonic constants, the
high-frequency variance of about 800 mshe uncertainty in degree to which the TPXO.2 model can predict the tidal
the low-frequency travel times would be aboyff800/24 =  yariability observed in the long-range transmissions provides
6 ms for a 4-day transmission period with 4-h samplingyoth a measure of the accuracy of the TPXO.2 model and a
In this case, data noise is a negligible contribution to thgst of the integrity of the acoustic data. Internal-tide variability
uncertainty in the final temperature estimates. The temperattsg) [37] may make the prediction of the total tidal variability
uncertainties result aimost entirely from the limited resolutiof, ihe one-way transmissions impossible at shorter ranges, but
of the modeled oceanic variability. The available data and thgy;, he long acoustic paths considered here (5-Mm range),
associated ray paths do not allow all of the modeled oceagig, internal-tide “noise” should be reduced by the averaging
variability to be resolved [2]. inherent in the measurement.

On the 5-Mm paths t& andl, the tidal variability in the
VIl. PREDICTIONS OF TIDAL VARIABILITY high-frequency time series appears to be accurately predicted

A tidal variability is clear in the high-frequency travelby the TPXO.2 model (Fig. 8). The good agreement evident
times when the travel times for the several resolved régtween the two time series demonstrates the ability of the
arrivals in each reception are averaged. The ray-averaged hiiRX0.2 model to accurately predict tidal variability in aver-
frequency time series can be compared with the predictages over megameter ranges. This comparison is sensitive to
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the tracking; as can be seen, the comparison is good much

the time but poor at other times (this is particularly apparenti %% — L 12
the comparison with the receptiond athen the SNR is weak). 403 i ™ e i
However, the good agreement overall is a successful test g !"'“%ae..;z' 3
the acoustic measurements as well as the TPXO.2 model. 800 8

Tidal variations are not evident in the travel times to array = ; 6
n and o (Fig. 8). The predicted tidal variability in the data 80O - K 5
obtained at these arrays is quite weak, and these data su 400 | ppa =SS J——s 1
from considerable noise presumably introduced by bottol ol ‘g*\.-w____.,_;__ " 2 2
interactions or by the nature of the “shadow-zone” arrivals. ;Eg _ e~ !

A favorable comparison of measured and predicted tidi 4 . )
variability is one step toward concluding that the acoustic da £ 400 —— ' P
collected from transmissions over a 5-Mm range are adequé £ 200 | v | '
for oceanographic observation. This comparison shows th E 0~ S T ———
individual arrivals can be tracked and that the informatiol g 200 -
about ocean tides is conveyed in the time series of trav @ % , ,
times. The comparison shows that even at 5-Mm range tl pm ' : g N
acoustic signals have not been excessively scrambled 200
internal-wave variability, “ray chaos” [7], or the interaction 0 e, B i
of acoustic energy with the ocean bottom. However, the tide 200 &
are large-scale and barotropic, and thus tidal variability woul -400
be expected in any acoustic arrivals, even if the identificatic _ ! '
of those arrivals with any single predicted ray or acous :‘DU o
tic mode was impossible. As we have seen, however, v »og- P o U
have other reasons for believing that the ray identification I, |%" ER =T
sound. 400

Q 5.0 11’._)(‘. 150 200 250 300 350 4{-)(1 450
VIIl. L ow-FREQUENCY TRAVEL-TIME DATA Yearday 1996

The low-pass-filtered travel times (Fig. 9), i.e., the timeig. 9. Low-frequency €0.25-1 cpd) travel-time variations observed at

series of travel times averaged over each 2- or 4-day trafisl. n, o, and p. The time series in each panel are from the various
ved-ray arrivals. An annual cycle is observed, and the change in the

o ; : T
mission period, are used t‘? infer tempt_arature changes averqtﬁggirsal of the arrivals at arrdy is consistent with the different sampling
along the paths of acoustic propagation [2]-[6]. These larg&-the summertime mixed layer by the ray paths. Note that the vertical axis

scale temperature changes result from seasonal variationschte of the top two panels is twice that of the others.
upper ocean temperature, advection, or normal variations in the

air/sea heat flux. Milleet al. [38], for example, have shown . . .
e strongly suppressed in the range-averaging acoustic data.

that rapid changes with time scales on the order of one mo h o : .
peak to peak variation of this annual cycle in ray travel

in the large-scale upper ocean heat content are possible; Sfilr%ﬁe over the 5-Mm range can be as large as 1000—1200

large-scale variations would be immediately and obviousMS Increasing travel times are consistent with a cooling

observed in travel-time time series such as these. The ay : . X
. . ; Q ?an (decreasing sound speed), as might be expected during
travel times are inherently range-averaging and thus are mps

. el .. boreal January. The annual cycle observed in the data results
sensitive to large-scale variations; small length-scale variations

are not resolved by these data. An accurate interpretation of R{émarily from the formation and erosion of a summertime
y ' b rr(yxed layer in the North Pacific [6]. In addition, there are

travel-time variations depends on the sampling of the identifie . : . .
) . uggestlons of higher frequency components in the two time
ray paths. Except where the time series stops altogether, Hhe 2 4 -
. o e Series, perhaps indicating the influence of advection or the
acoustic data have adequate sampling in time; the samphn%
) movement of sharp features such as ocean fronts [1]. The data
schedule was determined by the MMRP. . .
for arrayl have occasional gaps caused by an occasional low
SNR of unknown origin [see Fig. 2(b)].
In the data obtained from arrak, the dispersal of the
The low-frequency travel-time time series for arrgyand relative travel times for the different rays changes slightly over
! (Fig. 9) show the same general characteristics for all tis&x months, which suggests that some depth-dependent infor-
ray paths: the travel times increased until mid-April 1996nation may be available. Steeper RSR rays are less influenced
decreased until mid-September 1996, and then increased adgirupper ocean changes. Hence, their travel times will show
until the time series ended in early March 1997. For thdightly less variation than less inclined rays. As expected,
northernmost acoustic paths, this annual cycle is observibe dispersal of the ray arrivals increases in summertime with
to be surprisingly smooth, with little evidence of mesoscatbe formation of the mixed layer and decreases in the fall or
variability. The central North Pacific has little eddy variabilitywinter months as the upper ocean cools again and becomes

[39]-[41], and the short space and small time-scale variatiomore adiabatic.

A. Receptions at Arrayk and !



212 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 24, NO. 2, APRIL 1999

B. Receptions at Arraya, o, andp O R R S N

800 -
Interpretation of the low-frequency travel-time variability 400 1 = Lt
at arraysn, o, andp is complicated by the ray path geometry 0 N L
associated with these data. The ray paths to asrégr exam- -400 | == -
ple, begin as surface reflecting in the region of colder surface 8001 ‘ ‘ T
waters near California but change to near-surface refracting T T R —
as they enter warmer subtropical surface waters. This change igg: : K
in ray path sampling is taken into account in the estimation o] /f7\ i
of temperatures. The occasional lack of sampling of near- 400 | \ L

surface depths shows the obvious need for complementary data  _ggo | ‘ : s
such as those provided by TOPEX/POSEIDON altimetry [1], @
[42].

The data obtained at receiveis o, andp sample a similar
region of the eastern Pacific. However, the three time series |
are somewhat different; while the annual cycles are apparent,
other higher frequency components to the variability are
also evident. Excluding the annual cycle, the dominant time 400 -

Travel Time (ms

scales associated with the variability observed on these paths 200 1 Nt
appears to be a hundred days or more. Thus, the variability 0 T —— e 8
does not have the time scales consistent with mesoscale 2001 r
variability. Spiesberger and Metzger [5] previously observed 00 00000000000 [
variability that was different between acoustic paths that wol —_— Ol‘
similarly sampled the eastern Pacific. No explanation is yet 200 [
available for deviations of the observed time series from the 0 S L
annual cycle. -200 | -

T T T T T T T T

. . 0 50 100 150 200 250 300 350 400 45
C. Comparison he Levitus Atl
parison to the Levitus Atlas Yearday 1996
The Levitus ocean atlas [25], [26] provides monthly real-
g. 10. Low-frequency travel-time variability simulated using the monthly

Izations ,Of the Pacific ocean temperature and Sahmty ﬁel(f alizations of the Levitus94 ocean atlas to determine monthly sound-speed
from which sound speed [27] can be calculated. The monthiyigs.

travel times for the rays resolved in the ATOC data can be
obtained from these sound-speed fields. The simulated monthly
travel times (Fig. 10) account for most of the variation in the
observed travel times, including the increase in the dispersal ofT his survey of acoustic data obtained using bottom-mounted
the ray arrivals that occurs in mid to late summer. Indeed, thgdrophone arrays during the ATOC transmissions has shown
Levitus simulation predicts that arraywill show a stronger that, in most cases, these data are adequate for acoustic
annual cycle than arraysando, as is observed. Of course, thehermometry. Of the six receivers considered here, five have
most interesting oceanographic signal is the difference betweé#iackable” data, and, of these, three have unambiguous ray
the Levitus and measured travel-time variations; deviatiofdentifications. The primary complicating factor in these data
from the Levitus atlas might occur as a result of phenomeisathe interaction of the acoustic energy with the ocean bottom
such as El Nio or global warming. near the receivers or near the acoustic source. In spite of these
The measured travel times (Fig. 9) are seen to hawemplications, several acoustical and oceanographic mysteries
smoother variation than the Levitus-predicted travel timege apparent: 1) acoustic arrivals at some arrays appear to
(Fig. 10). Sound-speed maps derived from the Levituxcur well into the shadow zone, yet also appear to be stable
atlas frequently have points with large unphysical sounday arrivals; 2) variability of SNR is occasionally observed in
speed anomalies caused by occasional erroneous valuesasfustic data obtained at the 5-Mm range; 3) deviations from
temperature, so that the predicted travel-time variation is notaspure sinusoidal annual cycle are observed in the eastern
smooth as might be expected. [Note added in proof: A revisdéacific, e.g., time series obtained at similar arrays in the
corrected Levitus atlas has recently been made availabledstern Pacific vary in slightly different ways, such as peaking
These anomalies probably cause the gaps in travel tinasdifferent times; and 4) the measured and predicted travel
evident in the predictions, which occur when a particular raimes at array surprisingly did not match, although the weak
is difficult to calculate. The ray predictions become unreliabeNR for this particular array suggests this problem may be a
when the model for sound speed is not smooth. In additidmpttom interaction, rather than an acoustical propagation, issue.
the Levitus atlas is only as good as the hydrographic datab&mving these mysteries will be the next tasks in studying these
from which it was derived, and this database is inadequatata.
in some regions for an accurate estimate of monthly meanWhile the data obtained using the bottom-mounted hy-
temperature and salinity. drophone arrays are sometimes problematical, data obtained

IX. DISCUSSION
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from VLA'’s [8]-[10] show that clear resolved ray arrivals may

be expected even out to 5 Mm. The challenge here has be

to make sense of and use the bottom-mounted receiver d

which are more easily obtained. Sometimes the data obtainégi
at the bottom arrays are of comparable quality to the VLA

data, but often not.

While it might appear that significant variability would be
introduced into the acoustical time series by the Californid?!
current system, this is not the case. Simulations of acoustic
transmissions through the California current region using
sound-speed fields defined by 20 y of California Cooperatigm

Fisheries Investigations (CalCOFI) hydrographic data [4
gave travel-time variations of only abodt30 ms [44]. The

California current system is primarily shallow and weak. This
system is part of North Pacific variability in any case; it i1y

hard to set fixed boundaries around the California current.

The time series of transmissions from Pioneer Seamoiﬁl
to

stopped in March 1997 because of a break in the cable use

power the acoustic source. Although the cable was repaired in
the fall of 1997, this time series unfortunately ended altogeth@?’]
in December 1998 when the 24-month-long marine mammal

study ended, and the acoustic source will be removed
required by various permits.

sl

The receptions ak are a remarkable demonstration of theis)
feasibility of 5-Mm-scale ocean acoustic tomography, even

though the receptions at other sites may sometimes be c ]

plicated by bottom interactions. The remarkably smooth time

series of observed travel times show that the thermal variabilr}I

.%9]

of the large-scale ocean is quite smooth. Neither altimet

7

a 1
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vertical array at 3250-km range in the eastern North PacificAcoust.
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mometry of ocean climate (ATOC) prototype Pacific Ocean network,”
Oceans '95\vol. 3, pp. 1483-1500, 1995.

B. M. Howe, “Acoustic thermometry of ocean climate (ATOC): Pi-
oneer seamount source installation,” Applied Physics Lab., Univ. of
Washington, Seattle, WA, APL-UW TM 3-96, 1996.

K. M. Metzger, Jr., “Signal processing equipment and techniques for use
in measuring ocean acoustic multipath structures,” Ph.D. dissertation,
Univ. of Michigan, Ann Arbor, 1983.

W. W. L. Au, P. E. Nachtigall, and J. A. Pawloski, “Acoustic effects of
the ATOC signal (75 Hz, 195 dB) on dolphins and whalek,Acoust.
Soc. Amer.yol. 101, pp. 2973-2977, 1997.

A. S. Frankel and C. W. Clark, “Results of low-frequency playback
of M-sequence noise to humpback whalelegaptera novaeangliaén
Hawaii,” Can. J. Zool.,vol. 76, pp. 521-535, 1998.

A. P. Klimley and S. C. Beavers, “Playback of acoustic thermometry of
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nor hydrographic data have demonstrated such smoothness for Soc. Amer.submitted for publication.
reasons inherent to those data types. Altimetric data inclublé!
the effects of barotropic motions and mass redistribution [1],

while hydrographic data are obtained at single points in the

ocean, and, thus, suffer from the noise of mesoscale variability!
and inadequate temporal sampling. The averaging tomographic
data uniquely observe the large-scale thermal variations. TE#§]

paper describes data from the longest transmissions to date for

which resolved-ray tomography is shown to be feasible.
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